Introduction
The catalysis by palladium complexes of the coupling reaction of organometals RM and organohalides R'X to give RR' and MX is thought to be possible by oxidative addition-reductive elimination cycles involving either Pd(0)-Pd(I1) or Pd(I1)-Pd(1V) complexes.2 Models for the former catalytic cycle have been developed,, but this has not been possible with Pd(I1)-Pd(1V) systems since the proposed organopalladium(IV) intermediates could not be detected by spectroscopic method^.^-^ The recent discovery of oxidative addition of methyl iodide to [PdMe,(bpy)] (1) to give [PdIMe3(bpy)] (2) which only slowly undergoes reductive elimination of ethane to give [PdIMe(bpy)] (3) (bpy = 2,2'-bipyridine) allows a study of the mechanisms of the reactions.&l0 
Results
The Oxidative Addition Reaction. The reaction of [PdMe2(bpy) ] with Me1 in CD3CN was monitored by lH NMR. The reagents were mixed at -40 "C, and at this temperature resonances due to two products in -3:l ratio were observed. Resonances due to the major product [PdIMe3(bpy)] were at 6 1.79 (PdMe trans to N) and 1.20 (PdMe trans to I); the second product was assigned to the ionic [PdMe,(CD,CN)(bpy)]+I-with 6 1.61 (PdMe trans to bpy) and 1.06 (PdMe trans to CD3CN), related to iso- The kinetics of the oxidative addition in acetone solution, using at least an %fold excess of MeI, were monitored by UV-visible spectrophotometry. The oxidative addition was sufficiently fast that the subsequent reductive elimination of ethane did not interfere significantly. Good first-order kinetics were followed, and the observed firstorder rate constants were directly proportional to the concentration of methyl iodide. Hence overall secondorder kinetics were followed, first order in each reagent. For comparison, the oxidative addition to [PtMe2(bpy)] was also studied and the activation parameters for both reactions were determined ( Table I ). The second-order rate constants for reaction with [PdMe2(bpy)] and [PtMe2(bpy)] at 20 "C were 3.23 f 0.08 and 40.0 f 0.1 L mol-I s-', respectively, and the corresponding activation parameters were E, = 25.3 f 0.6 and 24.94 f 0.06 kJ mol-', respectively, and AS*(20 "C) = -148 f 2 and -129.0 f 1.0 J K-' mol-', respectively. The platinum complex reacts over 10 times as fast as the palladium analogue largely due to a less unfavorable AS* term. All of the kinetic data, especially the large negative AS* values, strongly support the SN2 mechanism of oxidative addition in both case~.~,~~-~~ The reactivity correlates with the energy of a metal (d,) to bipyridine (T*) The Reductive Elimination Reaction. The reductive elimination of ethane from [PdIMe3(bpy)] could also be monitored readily by W-visible spectrophotometry, using the increase in absorbance at 380 nm due to the palladium(I1) product [PdIMe(bpy)]. Most work was carried out in acetone, in which the reductive elimination followed first-order kinetics. However, the mechanism was found to be fairly complex as described below. The observed rate constant at 20 "C was (6.24 f 0.03) X s-l, and this was decreased only slightly to (3.65 f 0.03) X s-l and (3.90 f 0.02) X s-l in the presence of excess Me1 and bpy, respectively. However, in the presence of excess NaI, the rate was greatly decreased to a limiting value of (1.45 f 0.01) X s-' . This result strongly indicated that reductive elimination occurred to a major extent from the solvated cation [PdMe,(bpy)]+, and so a detailed study of the rate of reductive elimination as a function of iodide concentration was made. The results were consistent with the kinetic scheme shown in eq 1-4 This scheme leads
and gives the observed first-order rate constant kobsd = k , An iterative treatment, Figure 2 , was then used to give the values of kl = (1. Observed fiwt-order rate constants in the absence of added iodide at 30 "C were found to be (0.882 f 0.002) X lo-, s-l, (7.8 f 0.1) X lo-, s-' , and (13.4 f 0.5) X lo-, s-l in benzene, acetone, and methanol, respectively. These data are fully consistent with the proposed mechanism, the rates being faster in the more polar solvents. Interestingly, the limiting rate of reaction in methanol at 20 O C in the presence of a large excess of iodide was (1.95 f 0.01) X lo-, s-l compared to the value (1.45 f 0.01) X lo4 s-l in acetone. This 13-fold increase in rate in methanol over acetone for the reaction of eq 1 was surprising and suggested that a polar intermediate or transition state might be involved. A study of the activation parameters for the reductive elimination reaction was therefore undertaken. In the absence of added iodide the observed parameters with acetone solvent were E, = 65 f 13 kJ mor1 and AS* (20 OC) = -66 f 34 J K-l mol-l. The large standard deviations arise because of the sensitivity of the observed rate constant to trace impurities that retard the reaction and hence the difficulties in obtaining good re- productibility under these conditions. MeI, at temperatures from 9 to 25 "C. Good first-order kinetics were followed, the rates were greater in the presence of water to increase the solvent polarity, and the rates were retarded in the presence of free iodide. in Figure 3 . Decomposition began at -80 "C and was complete at -120 "C, giving a very clean exotherm.
Weight loss was calculated to be 6.9% and found to be 7.3 f 0.2%, and the product was confirmed to be pure [PdIMe (Figure 3) . Decomposition occurred giving an exotherm over the region 240-300 "C, with a peak at 273 f 2 "C. However, the weight loss was 11%, compared to the theoretical value of 5.7% for loss of ethane, and the major product was methane. Clearly, this is not a simple reductive elimination reaction, and so the Pt-Me bond energy could not be determined. The difference in thermal stabilities of the precursors [MMe2(bpy)] (M = Pd or Pt) is much less as shown in Figure 4 , though decomposition of the palladium complex is more exothermic.
Conclusions
Both the oxidative addition and reductive elimination studied in this work appear to involve the intermediacy of the solvated cation [PdMe3(bpy)]+, at least to a major extent in solution reactions. The reductive elimination of ethane is intramolecular, and we note that the apparent activation energy E, for reductive elimination in acetone or methanol is much lower (E, values 65 kJ mol-I in ace- tone, 78 kJ mol-' in acetone with excess I-, 39 kJ mol-' in methanol with excess I-) than the estimated Pd-Me bond energy of -130 kJ mol-'. Although iodide dissociation is implicated in the reductive elimination, this step is unlikely to affect the Pd-Me bond energy significantly.'* Hence the actual reductive elimination must be a concerted process and could occur in a similar way to that proposed earlier for reductive elimination from platinum(IV) (eq 5).15 4 However, in view of the more recent evidence that aelimination can occur readily and reversibly from coordinatively unsaturated metal alkyl derivative^'^ and that C-C bond activation in both homogeneous and heterogeneous conditions may necessarily occur after C-H activation,l9t2O an alternative mechanism should also be considered (eq 6).
U "
6 t Migration of a methyl to a methylene group is well-established,2 and the mechanism accounts in a rational way for the need for a vacant coordination site prior to reductive elimination. Either mechanism of eq 5 or eq 6 appears to be consistent with the experimental data reported here. We note that, in eq 6, a-elimination to give 6 need not occur prior to C-C bond formation since the agostic interactionlg in 5 involves a rocking motion which will facilitate (and could be concurrent with) C-C bond formation, as shown in 7.21 Steric hindrance to C-C bond formation should therefore be less than in complex 4 of eq 5. Intermediate 7 is favored over 8 since the latter could reductively eliminate methane or ethane or @-eliminate ethylene and so would not be expected to give the high observed selectivity for formation of ethane.21
The rates of reaction and the activation parameters for oxidative addition of Me1 to [PdMe2(bpy)] and ] are similar, with the platinum complex being the more reactive. The mechanisms are clearly the same, namely, the SN2 mechanism, for both systems. However, reductive elimination of ethane occurs easily for [PdIMe,(bpy)] but does not occur at all for [PtIMe,(bpy) ]. This major difference in reactivity is not due to a large difference in M-Me bond energies in the two complexes but is due to a much lower activation energy for concerted reductive elimination for the palladium complex.22 The platinum(1V) complex forms stable complexes [PtMe,-(bpy)S]+ (S = acetone or MeCN) which do not reductively eliminate ethane whereas the analogous palladium cations do so very readily.
We note that the above oxidative addition-reductive elimination reactions provide a good model for catalytic C-C coupling reactions via the Pd(I1)-Pd(1V) cycle.*-' However, since the diimine ligands used here favor Pd(IV) whereas the phosphine ligands used in the catalytic reactions favor Pd(O), caution should be exercised in extrapolation to the catalytic reactions. Nevertheless, if the Pd(I1)-Pd(1V) cycle is correct, the detailed mechanisms of the oxidative addition and reductive elimination steps may be similar to those established in this work.
Experimental Section 'H NMR spectra were recorded by using a Bruker AM-300 spectrometer, and kinetic studies were carried out by using a (21) The difficulty of direct CC, compared to C-H or H-H, reductive elimination has been rationalized by theoretical studies. In particular, high level GVB calculations of the transition state for reductive elimination of ethane from PdMez Qr PtMez predict that the methyl groups should be tilted by 39" and 51a, respectively, leading to a geometry similar to that in the classic agostic TiCH3 unit.lS Thus, although the agostic Varian CARY 2290 spectrometer, with temperature control using a Polyscience Series 900 constant temperature bath. Differential scanning calorimetry was carried out by using a Du Pont Instruments 912 DSC in conjunction with the 9900 computer/ thermal analyzer. All samples were run in uncrimped, closed Al pans under N2 atmosphere, purging at 20 mL min-'. The scan rate was 20 "C min-' , and calibration was with In metal. The error limits given are standard deviations from six independent runs.
[ [PdMe,(bpy) ] in acetone (3 mL, 3 X lo-' M) in a cuvette was thermostated at 20.0 OC, and a known excess of Me1 was added by using a microsyringe. After rapid stirring, absorbance values at X = 440 nm were collected at 0.1-min intervals for 10 min, at which time reaction was complete. Computer treatment of the data showed good first-order kinetics from which the observed first-order rate constants and standard deviations were obtained. A plot of 1 2 ,~ vs [MeI] was linear, and the slope gave the second-order rate constant. The same method was used at other temperatures, and the activation parameters were obtained from the Arrhenius equation.
The oxidative addition to [PtMez(bpy)] was monitored in a similar way but with X = 452 nm.
Kinetic Studies of Reductive Elimination by UV-Visible Spectrophotometry. A freshly prepared solution of [PdIMe3-(bpy)] (purified and stored in the dark at -20 "C) in acetone (3 mL, 3 x lo4 M) was transferred t~ a cuvette and thermostated to 20.0 "C in the cell compartment of the spectrophotometer. Absorbance values at X = 380 nm were collected at 0.2-min intervals for 1 h. Computer treatment showed good first-order kinetics from which the first-order rate constant and standard deviation were calculated. The same method was used to determine rate constants at higher temperatures, and activation parameters were determined from the Arrhenius equation.
The same method was used to collect data in benzene or methanol solvents and in the presence of additives.
